The hydrolysis of soluble starch, raw starch and pullulan with recombinant glucoamylase P from Hormoconis resinae was competitively inhibited by /?-cyclodextrin with apparent Ki values of 190 pM, 13 pM and 1.4 pM, respectively. Inhibition of dextran hydrolysis was partial: a maximum inhibition of 22% was achieved with a dextran concentration of 0 3 x K, and up to 4 mM /?-cyclodextrin. Hydrolysis of short oligosaccharides was not inhibited by /?-cyclodextrin at levels up to 20 mM. The enzyme bound to raw starch a t pH 4 3 and 4 "C with an association constant of 3.4 x lo5 M-'. Sequence alignment studies showed raw-starch-binding consensus amino acids in the C-terminal part of glucoamylase P. Partial hydrolysis with papain resulted in degradation of deglycosylated glucoamylase P into three fragments of 53, 51 and 14 kDa, respectively, as estimated by SDS-PAGE. The amino-terminal sequences of the 51 and 53 kDa fragments were identical with that of native glucoamylase P. The amino terminus of the 14 kDa fragment (Ser-Ser-X-Gln-Val-Ser-), corresponded to the sequence starting a t residue 474 of intact glucoamylase P. Kinetic measurements of truncated glucoamylase P showed changes in the K, values of larger polysaccharides, but no changes in kcat values compared to the intact enzyme. It was concluded that glucoamylase P contains a catalytic core domain and a raw-starch-binding domain involved in inhibition of polysaccharide hydrolysis by /?-cyclodextrin.
INTRODUCTION
The l,inding and hydrolysis of raw starch by glucoamyla w s (1,4-a-~-glucan glucohydrolase, EC 3.2.1 .3) have k e n previously studied in detail with Aspergilhs (Dalmia & Nikolov, 1991 ; Medda et al., 1982) , Rhi~opus (Tak:ih:ishi e t al., 1985) and Endomycopsis fibdigera (Ueda & Saha, 1983) . The results have suggested a structural organization of the polypeptides into core (catalytic) and tail (t-,i\iT-starch-binding) domains (Svensson e t a/., 1986) , as ha\ also been proposed for cellulases (van Tilbeurgh e t a/., 1986).
The r;iu.-starch-binding domain of RQixopus glucoamylase
Abbreviations: DP, degree of polymerization; glucoamylase P, , 'core' fragment of glucoamylase P; glucoamylase P, , 'tail' fragment. ~ 0001-8888 0 1994 SGM has been found to be located in the N-terminus (Takahashi e t al., 1985) and that of Aspergillus glucoamylase in the Cterminal part of the polypeptide (Svensson e t al., 1986) .
The absence of this domain in one form of native A. niger glucoamylase (G2) does not seem to change its kinetic properties towards smaller oligosaccharides compared to the other native form (Gl) containing this domain (Meagher e t a/., 1989) . The same results have been obtained by deleting this domain from Aspergillm sp. I<-27 (Abe eta/., 1990) and A. niger glucoamylase G1 (Stoffer e t al., 1993) by limited proteolysis.
Cyclodextrins have been reported to inhibit many carbohydrate hydrolysing enzymes, such as a-amylase (Hayashida eta/., 1990 ; Kobayashi eta/., l988) , ,!7-amylase (Thoma & Koshland, 1960) , pullulanase (hiarshall, 1973) and some glucoamylases (Savel'ev e t al., 1989 ; Mlonma e t al., 1989; Fukuda et al., 1992) . The binding of ,!7-cyclodextrin by the isolated raw-starch-binding domain o f .Aspergi/lus glucoamylase has also been studied (Belshaw & Williamson, 1993) .
The high debranching (high activity towards 1 ,(>-aglycosidic bonds) glucoamylase P from Hormoconis resinae (McCleary & Anderson, 1980 ; Fagerstrom e t d., Fagerstrom, 1991) has been cloned and expressed in Trichodeima reesei (Joutsjoki & Torkkeli, 1992 ; Joutsjoki e t a/., 1993). The recombinant glucoamylase P has been shown to retain the properties of the wild-type enzyme (Fagerstrem, 1994) . The amino acid sequence of this enzyme is similar (47.7% identity) to that of AspergiUzts glucoamylase. The long highly 0-glycosyla ted threonine/serine-rich region (TS region) proposed to separate the raw-starch-binding domain from the catalj tic core of Aspergilhs glucoamylase G1 seems to be absent in glucoamylase P (Vainio et d., 1993 
METHODS
Enzyme preparation. Recombinant Hormoconis resinae glucoamylase P was produced in Tricboderma reesei (hI,I<O2743 ; Joutsjoki e t a/., 1993) and purified as described by Fagerstrijtn (1994) . Fraction GAP-A (molecular mass 70 kDa) was used in inhibition and corn-starch-binding experiments. In papairidigestion experiments, a deglycosylated sample was used. The deglycosylation was performed by incubating 3 mg gluccjamylase P with 0.2 IU endoglycosidase F (New England BioLabs) in 20 mM sodium acetate, pH 5.5, containing 1 mRI PMSF (Sigma) and 10 pg pepstatin A (Sigma) ml-' for 23 h a t 37 "C. The pH of this digest was elevated by adding 0.1 vol. 0.5 hil potassium phosphate, pH 7.5, before further deglycosylation with 0.4 IU of N-glycosidase F (New England BioLabs) for 18 h at 37 O C after addition of fresh PMSF (to 1 mM) and pepstatin A (to 10 pg ml-'). The deglycosylated sample was purified on a Superose 12 (Pharmacia) gel-exclusion column (1 x 30 cm) equilibrated with 20 mM sodium acetate buffer., pH 5.7, containing 150 mM NaCl and run at 25 ml h-'.
Absorbance at 280 nm was followed. The concentration of' protein was estimated spectrophotometrically at 205 nm by the method of Scopes (1974) using an A:";:a value of 307. All enzyme preparations were stored at + 4 OC or at -20 OC with only one thawing, because some loss in specific activity was observed after repeated freezings and thawings.
Substrates. Zulkowsky starch (Merck) was used as soluble starch and tested for the presence of shorter oligosaccharides by thin-layer chromatography on silica TLC plates (Merck, silica gel 60) as described by Hansen (1975) with the modification introduced by Melasniemi (1987) . Corn starch (raw starch, 2400 ~~ Merck) was washed three times prior to use with 50 mhl sodium acetate buffer, pH 4.3. Sedimentation between the washings was by centrifugation for 5 min at 2800g. Pullulan (average degree of polymerization, DP, about 1200; Cattlay, 1979) and the series of maltose to maltoheptaose (over 90% pure) were used as obtained from Sigma. Dextran T-10 (DP about 60) was from Pharmacia. The series of isomaltose to isomaltoheptaose (over 90% pure) was from Biocarb.
Activity measurements and estimations of kinetic constants. Initial rates were obtained by incubating substrate and enzyme in 50 mM sodium acetate, pH 4.3, containing 150 pg ovalbumin ml-' (Sigma, grade V) at 30 OC, as described by Fagerstrijm (1991) , unless stated otherwise. Released glucose was measured by using a glucose-dehydrogenase-based assay (Merck, Granulotest 100). One unit of activity is defined as 1 pmol glucose released min-l. Incubation times of 0 to 30 min were used for pullulan, soluble starch, maltotriose to maltoheptaose, and isomaltotriose to isomaltoheptaose. For isomaltose and maltose, incubation times of 0 to 80 min were used, and in the case of dextran T-10 and corn starch incubations, up to at least 120 min. Inhibition studies with corn starch were performed in 50 mM sodium acetate buffer, pH 4.3, omitting ovalbumin from the reaction mixture. Steady-state rates at incubation times between 60 and 180 min (see, for example, Fig. 3) were used. Preliminary results obtained by shaking (250 r.p.m.) the mixture during incubation showed no difference as compared to samples without shaking. Thus, for convenience, all incubations were performed statically with mixing only before samples were taken. The apparent kinetic constants were estimated by using a computer program based on the method introduced by Cornish-Bowden (1 977) to fit the steadystate rate equations. The type of inhibition was estimated from Lineweaver-Burk plots. To obtain apparent K , values, Dixon plots were used, as well as calculations from the LineweaverBurk plots.
Estimation of the association constant of glucoamylase P to corn starch. Binding of 3.2 pM glucoamylase P to 100 mg corn starch in 1 ml 50 mM sodium acetate, p H 4.3, was followed by incubating the sample under mixing (250 r.p.m., horizontal) at + 4 OC. At defined time points samples of 60 pl were withdrawn and centrifuged ( + 4 "C) at 6700 g for 3 min. The supernatant was immediately placed in an ice-water bath. In order to estimate the amount of bound enzyme ( B ) the activities of these supernatants (free enzyme, F) were determined as described above with soluble starch as substrate. In order to determine the total amount of enzyme (T), a parallel experiment without corn starch was performed. The amount of bound enzyme (B) was calculated from B = T -F .
Estimation of the association constant (K,) was performed by measuring the amount of free and total enzyme as above, except that the amount of enzyme used was varied between 1.7 and 8 9 3 pM and an equilibration time of 60 min was used. Each tube contained 100 mg corn starch in 1 ml 50 mM sodium acetate, pH 4.3. A Langmuir type of isotherm was chosen (Takahashi eta/., 1985) . By plotting 1 / B (bound enzyme) against 1 / F (free enzyme) an association constant between glucoamylase P and corn starch could be estimated from the slope of the line according to equation (1) (from Takahashi e t a/., 1985) . The line was fitted by using the same direct linear plot program as was used for kinetic measurements (see above).
(1) Production and purification of glucoamylase P papain fragments. A sample of 1.4 mg deglycosylated glucoamylase P was incubated with 50 pg papain (Sigma) in 50 mM sodium acetate buffer, pH 5.7, at 37 O C . Samples were taken at defined time points and assayed for activity using soluble starch o r pullulan as substr'ite as described above. After 6.5 h incubation, the digest was applied on a Superose 12 column as described above for the purification of deglycosylated glucoamylase P. Both peak fractions obtained were re-chromatographed on the Superose 12 column. Binding of purified glucoamylase P and its fragments to raw starch was tested by incubating 3 nmol of the corresponding protein with o r without 100 mg corn starch for 1 h at 4 '(. 1x1 50 mM sodium acetate, p H 4.3. After centrifugation for 5 min at 6700g, binding was detected by running the samples on polyacrylamide slab gels (see below).
SDSPAGE.
Polyacrylamide slab gels (6-16 YO) containing 0.1 % SDS were stained with Coomassie Brilliant Blue as described by
Laemml! (1970).
Amino-terminal sequencing. This was performed by degrading the samples in a gas-pulsed liquid-phase sequencer (Kalkkinen & Tdgrnann, 1988) . The released PTH-amino acids were analysed on-line by using narrow-bore reverse-phase HPLC.
RESULTS

Inhibition of glucoamylase P
Thin-la!.cr chromatography of Zulkowsky starch showed only minor amounts of oligosaccharides with a D P of 7, and no smaller ones (data not shown). Thus, Zulkowsky starch was taken as a high-DP soluble starch.
Preliminary results of a-, P-and 7-cyclodextrin inhibiting the hydrolysis of pullulan by glucoamylase P are shown in Table 1 . They show that P-cyclodextrin was the strongest inhibitor. Inhibition studies were continued with Pcyclodextrin. Inhibition of pullulan hydrolysis by P-cyclodextrin was most pronounced, giving an apparent Ki of 1*4+0*3 pM (Table 2 ). The type of inhibition was competitive (data not shown) .
Hydrolysis of soluble starch and corn starch was also inhibited competitively, with apparent Ki values of 190+56 pM and 1 3 k 3 pM respectively for Pcyclodextrin ( Table 2) . The high K , for corn starch and dextran T-10 should be looked on with caution, since only up to about 3 x K , values of substrate (100 mg ml-l) were used. High substrate concentrations were avoided because of possible mass transfer problems (Miranda et al., 1991) . Inhibition by P-cyclodextrin of the hydrolysis of dextran T-10 appeared to be partial. As seen in Table 3 , the inhibition reached maxima of 2 2 % and 8 % , respectively, at substrate concentrations of about 0.3 x K , and about 2.5 x K , when up to 4 mM P-cyclodextrin was used.
Binding of glucoamylase P to corn starch
Binding of glucoamylase P to corn starch at + 4 O C reached equilibrium in 10 min when 3.2 pg enzyme and 100 mg corn starch were used (data not shown). The association constant of glucoamylase P to corn starch was estimated from the plot of 1/F against 1/B (where F and B are free and bound enzyme respectively), using an equilibration time of 60 min. By extrapolation, a maximum binding of roughly 6 nmol glucoamylase P could be calculated, corresponding to about 420 pg glucoamylase P per 100 mg corn starch. From the slope of this plot a K, value of 3.4 x lo5 M-' for glucoamylase P binding to corn starch could be obtained. Oligosaccharides ranging from maltose to maltoheptaose, and from isomaltose to isomaltoheptaose, were tested at Activity of fragments of glucoamylase P Activity was measured as described in Methods, except that the incubxtion temperature was 37 OC. The amount of pullulan used was 5 mg ml-l and amount of enzyme 1.4 pg ml-'. Partial hydrolysis of deglycosylated glucoamylase P with papain was followed by SDS-PAGE ( Fig. la) and by activity measurements using soluble starch and pullulan as substrate (Table 4 ). The initial hydrolysis of the native deglycosylated 63 kDa glucoamylase P was rapid, and seemed to reach a plateau in about 3 to 6 h. During prolonged incubation (up to 30 h) the 53 kDa band that appeared was further digested to a 51 kDa band. The smallest product of the digestion had a molecular mass of 14 kDa as estimated from SDS-PAGE. The initial velocity of soluble starch digestion slightly increased (by about 8 "0) during incubation, whereas that for pullulan decreased by about 85 O/O. After 6.5 h incubation the large fragment, glucoamylase P, (the 'core '), was separated by gel-exclusion chromatography from the small fragment, glucoamylase P, (the 'tail '). The amino-terminal sequence of glucoamylase P, obtained was identical with that of native glucoamylase P (Asp-Leu-Ser-Ser-Phe-Ile-Ala-; Fagerstrom e t al., 1990) and corresponded to the amount of protein used in sequencing. No other sequences could Table 3 ).
Inhibitor
be detected. The amino-terminal sequence of glucoamylase P, was Ser-Ser-x-Gln-Val-Ser-lle-Thr-Phe-Am-, corresponding to residues 474 to 483 of the intzct glucoam1,lase P sequence (Vainio e t ul., 1993) .
Binding o f glucoamylase P,, glucoamylase P, and glucoamylase P to corn starch was tested by incubating purified samples with corn starch in the ratio 3 nmol per 100 rrig (half saturation of glucoamylase P). Binding of gluco- deglycosylated glucoamylase P kept a t 37 "C for 30 h. Lanes 13 and 14, purified glucoamylase P, and glucoamylase P, , respectively. Lanes 1, 12 and 15, molecular mass markers. (b) Purified glucoamylase P, P, and P, were incubated a t 4 "C with or without corn starch in a ratio of 3 nmol per 100 mg each, as described in Methods. Lanes 2, 4 and 6, glucoamylase P, P, and P, , respectively, without corn starch; lanes 3, 5 and 7, the respective samples in the presence of corn starch; lane 1, molecular mass markers. Table 4 . Relative activity of glucoamylse P towards 5 mg soluble starch ml-' or pullulan during digestion by papain
Deglvcoci hted glucoamylase P (1.4 mg ml-') and papain (50 pg ml ' ) were incubated at 37 "C in 50 mhI sodium acetate, pH 5.7. Szimples at defined time points were assayed for acticit) using eithcr wluble starch or pullulan as substrate (5 mg The apparent K,, and kcat for glucoamylase P, towards corn starch could not be estimated because of the low activity .
The progress curves (Fig. 2) of glucoamylase P acting on corn starch showed an initial ' burst' followed by a linear steady-state rate. Possible inactivation of glucoamylase P in reaction mixtures was studied by measuring the activity of the mixtures towards soluble starch after incubation in the presence or absence of 20 or 100 mg corn starch ml-' (Fig. 2) . In all three cases about 40% of the original activity disappeared during 3 h. In reaction mixtures containing 100 mg soluble starch ml-' no inactivation could be detected, and the progress curves were linear (not shown).
Addition of fresh substrate (100 mg ml-') during corn starch hydrolysis (100 mg corn starch ml-' and 50 pg glucoamylase P ml-') resulted in a new ' burst' followed by a new steady-state (Fig. 3 ). This addition diluted the reaction mixture by 1 : 1. Roughly the same steady state was achieved by diluting the original mixture by 1 : 1 with buffer. Addition of more enzyme to 50 mg corn starch ml-' caused a smaller 'burst' followed by a new steady -s ta te rate .
The plots of the linear steady-state rate against the amount of glucoamylase P were linear at enzyme to substrate ratios above 0.25 pg per mg corn starch (Fig. 4) . A much smaller linear steady-state rate was obtained with glucoamylase P, hydrolysing corn starch. The en7\ me preparations were purified as described in the text and the kinetic constants were estimated with a variety of substrates.
Glucoarnylase P, deglycosylated undigested glucoamylase P; glucoamylase P,, purified core domain of glucoamylase P ; glucoamylase P(, + P,, I tnol glucoamylase P, and 2 mol purified raw-starch-binding domain, glucoamylase P,. Estimates are means f: range of at least two independent experiments, except for isomaltoheptaose. The K, of pullulan with glucoamylase P, and the combination of glucoam!.lase I?(, and P, could not be measured accurately, since the maximum amount of substrate used was only 2-3 x K,,,. An additional sample of 50pg ml-' was incubated with 50mg corn starch ml-l (0). ( x ) and 100mg ( 0 ) corn starch ml-I in 50mM sodium acetate, pH4.3, at 30°C were measured. The same measurements were performed with glucoamylase P, (0 and A, respectively).
ing the high homology between these glucoamylases (except for the TS region), this suggests that the Ki reflects binding of P-cyclodextrin to an s l site in glucoamylase P, and so that pullulan also binds to this site in the raw-st<irch-binding domain. The big increase of K,, (400-fold) upon removal of the tail of glucoamylase P supports this proposal. This increase in K , explains the apparent loss ot activity towards pullulan during partial proteolysis with p;ipain (Table 4) , because the substrate concentration used changes from about 50 x K , to about 0.1 x K,.
A pos\itile explanation for the partial inhibition observed with destran T-10 as substrate could be that subsite s l beconies fully occupied with P-cyclodextrin, compelling dextran T-10 to bind only to a subsite s2 of the raw-starchbinding domain, still enabling hydrolysis to occur.
The ;ipparent Ki of P-cyclodextrin for glucoamylase P acting on corn starch (13+3 pM) and the type of inhibition are similar to those reported for the isolated raw-starch-binding domain of A. Hydrolysis of shorter malto-and isomaltooligmaccharides (DP 2-7) with glucoamylase P was not inhibited by P-cyclodextrin. This has also been shown for Aspei;qi//zls glucoamylase acting on malto-oligosaccharides (Fukuda e t al., 1992) . With glucoamvlase P, P-cyclodextrin inhihits the hydrolysis of soluble starch with a K, one order of magnitude lower than reported for Cblara paradoxa (Monma e t al., 1989) and Aspergillzls awamori (Fukuda e t al. , 1992) glucoamylases.
The rapid deceleration during the first 20 min of corn starch hydrolysis to a steady-state rate did not seem to be solely a result of inactivation of the enzyme (Fig. 2) .
Inactivation of about 15 Yo in 20 min would not be expected to slow down the rate to one-fifth. Addition of fresh substrate caused a new burst, suggesting that the deceleration was not due to product inhibition. Addition of fresh enzyme to mixtures of low enzyme/substrate ratios caused a new burst, but smaller than the first. These results suggest that the initial rate (the burst) is mainly due to some minor but reactive component(s) of the corn starch, such as insoluble structures or residues of soluble components, whereas the steady-state rate reflects hydrolysis of large corn starch granules.
The hydrolysis rate of corn starch with glucoamylase P, was much smaller than with glucoamylase P (Fig. 4) . Small amounts (about 1-3 Yo) of intact glucoamylase P as an impurity in glucoamylase P,. preparations could however result in about the same degree of hydrolysis as obtained. Thus, no definite proof of glucoamylase P, digesting corn starch could be obtained.
Incubations of 1 mg deglycosylated glucoamylse P ml-' with 20 mg corn starch ml-I at 30 "C for 2.5 d resulted in about 10 Yo hydrolysis as estimated from the theoretical value (unpublished data). This is in agreement with the results obtained with A. awamori var. kawacbi glucoamylase G1 hydrolysing corn starch (Hayashida ef al., 1989) . This slow hydrolysis of corn starch has to be taken into account when industrial applications involving raw starch hydrolysis are planned. An important effect of the raw-starch-binding domain from an industrial point of view is that it lowers the K,, of large soluble polysaccharide substrates, resulting in efficient hydrolysis at low concentrations.
Sequence alignment of the raw-starch-binding and linker region of glucoamylase P with other glucoamylases is shown in Fig. 5 . There are nine consensus sequence amino acids present in glucoamylase P out of 11 proposed for different starch-degrading enzymes (Svensson e t al., 1989) . The absence of the highly glycosylated T S region in glucoamylase P is apparent.
The role of the T S region in hydrolysis of insoluble substrates has led to conflicting interpretations. Hayashida e t a/. (1989) suggested that this TS region was important in raw starch digestion by glucoamylase G1 from A. awamori var. kawacbi. Later results have suggested a minor effect of this region on binding of the enzyme to raw starch (Williamson e t a/., 1992). From the results obtained here, it seems that a long TS region is not needed for efficient binding of glucoamylase to raw starch. However its effect on efficient hydrolysis of raw starch may still be of importance.
The apparently short linker region in glucoamylase P may result in less flexibility between the core and tail domain. 
